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                            Naoichi YAMAMOTO* 
                       Received September14, 1968 
      Pure and large crystals of  three modifications of the a-, fl-and r-FeOOH were synthesized and 
  their magnetic properties were studied. These iron oxyhydrates were anti£erromagnetic with the 
Neel temperature being 400° K, 237°K and 50°K for a-, /f- and r-FeOOH, respectively. The 
  direction of the electron spin axis was found from the Mossbauer effect to be parallel to the c-axis 
  of the crystals for all these iron oxyhydrates. 
• 
                            I. INTRODUCTION 
    Three modifications of the iron oxyhydrate, a-, 13- and r-F eOOH, are known. 
Mineral names of a- and r-Fe00II are goethite and lepidcrocite. The crystal 
structures of a- and r-FeOOH are orthorombic, belonging to the space groups 
of Pbnm and Bbmn, respectively',22). The crystal structure of /3-FeOOH is tetra-
gonal or pseudotetragonal3). In these compounds, however, positions of the 
hydrogen atoms have not been determined. 
    In recent years many Mossbauer and other magnetic studies have been done on 
these iron oxyhydrates'". However, the published data on /3- and r-FeOOH are 
still few. As to a-FeOOH, there are great discrepancies between the results published 
on temperature dependence of the magnetic susceptibility, Mossbauer spectrum and 
Neel temperature. These discrepancies may be attributed to the difference in 
chemical purity and particle size between the samples used in the measurement. 
   The present work reports the magnetic susceptibility measurement of the 
synthetic iron oxyhydrates particles which are as pure and large as possible and 
the spin structures determined by the Mossbauer effect analysis. 
II. EXPERIMENTAL 
I. Sample Preparation 
    A. et_FeOOH The samples of a-FeOOH were prepared as follows. 
(a) Stamped powder of the electrolytic iron, 31.5 g in weight was poured into 1 l 
of 0.125 M-H2S0, solution. The solution containing the iron powder was oxidized 
by bubbling the air therein at the rate of 1000 l per hr at 70°C. After all of iron 
powder was oxidized, the resultant yellow precipitate was filtered, washed with 
distilled water and dried at 90°C. 
(b) 500g of FeS0, • 7I120 was dissolved in 2 l of disstilled water and after 1 l of 
6N-NaOH solution was added diluted to 3.5 l with distilled water. The alkaline 
suspension containing Fe(OH)2 precipitate was oxidized at 40°C by bubbling the 
air therethrough. After 60 hr Fe(OH)2 was oxidized perfectly and converted to 
a-FeOOI-I precipitate. The precipitate was filtered, washed with water and dried 
at 90°C. 
* Iti f —: Laboratory of Solid State Chemistry. Institute for Chemical Research, Kyoto 
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   B. fl-FeOOFH 500g of FeCl2 • nH2O and 100g of NII,C1 were dissolved in 3 1 
of distilled water. The solution was oxidized by bubbling the air at the rate of 
200 1 per hr at 70°C. After 5 hr of this procedure, yellow colored precipitates, the 
mixture of a-FeOOH and /3-FeOOH were deposited in the vessel. In this stage 
pH value of the solution was about 1.2. The yellow precipitate was separated 
from the solution by filtration. The filtrate was again oxidized at the same condition 
as above for 60 hr. The precipitate thus obtained from the second solution was 
pure /3-FeOOII. After filtration the precipitate was subjected to electrodialysis 
to get off Cl- ions contaminating in the crystal lattice. 
    C. y-FeOOH (a) Stamped powder of electrolytic iron, 50 g in weight, 
was poured into 500 ml of 0.15 M acetic acid solution. The suspension was oxidized 
by bubbling the air at the rate of 1000 1 per hr at 50°C. After 7 hr iron powder was 
perfectly consumed and orange yellow precipitate of r-FeOOH was deposited. 
(b) 500g of FeC12 • nH2O was dissolved in 2 1 of the distilled water and to this solution 
was added the alkaline solution in the amount of 0.4 equivalents of the acid radical. 
After total volume of the solution was diluted to 3.5 1 with water, the resultant white 
suspension was oxidized by bubbling the air for 50 hr at 20°C. The precipitate 
of r-FeOOH thus obtained was filtered, washed with water and dried at 90°C. 
    The precipitates of a-, /3- and r-FeOOH obtained in this way were affirmed 
by x-ray diffraction patterns and infrared spectra to be pure specimens. Impurity 
contents were checked with usual chemical methods. As an example the analytical 
result of a-FeOOH prepared by the first method is given in Table 1. Chemical 
analysis proved that these samples were extremely pure and reliable in the 
magnetic measurement. 
                       Table 1. Impurity Contents of a-FeOOH 
                            (prepared by the first method)
             ImpuritiesAtomic % 
           Si (as SiO2)>0.01 
          S (as SO3)> 0.5 
             Mn (as Mn203)> 0.01
            Co (as Co304)>0.01 
           Cu (as Cu20)>0.01 
    The particle shapes and sizes of these iron oxyhydrates were observed on the 
electronmicrographs. Fig. 1, 2 and 3 are electronmicrographs of a-, 13- and r— 
FeOOH particles, respectively. 
    2. Magnetic Measurements 
    Magnetic susceptibility, x was measured with an ordinary magnetic torsion 
balance above the liquid nitrogen temperature and by A-C Ilartshorn bridge method 
from liquid helium temperature to liquid nitrogen temperature. Mossbauer 
effect was measured with the TMC multichannel type apparatus. 
M. RESULT AND DISCUSSIONS 
I. Magnetic Susceptibility 
    In Fig. 4 the temperature dependence of x of three iron oxyhydrates are given. 
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Fig. 1. Electronmicrographs of a-FeOOH, acicular shape of the particles     is shown.
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             Fig. 2. Electronmicrograph of Q-FeOOH. 
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      Fig. 4. Temperature dependence of the magnetic sus-
             ceptibilities of three iron oxyhydrates. 
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x of a-FeOOH was measured from 1.2°K to 440°K, where a-FeOOH decomposes 
to a-Fe203. x shows the value of 46 x 10-6 c.g.s.e.m.u. at room temperature and 
exibits no temperature dependence. As previously reported, the Neel temperature 
of this sample was determined to be 400°K from the temperature dependence of the 
internal field of the Mossbauer specturm. 
    x of fl-FeOOH is also temperature independent and the value is 25 x 10-6 
c.g.s.e.m.u.. The Neel temperature of this compound was found to be 273°K both 
from the temperature dependence of the internal field of the Mossbauer spectrum 
and by the thermal differential analysis. This value is in good agreement with 
the value reported by Dersi et al.' °) 
x of r-FeOOH is 40 X 10_6 c.g.s.e.m.u. at room temperature and small broad 
peak was observed at near 50°K. As shown on the Mossbauer spectrum in Fig. 5, 
the magnetic hyperfine splitting is observed at liquid helium temperature. It shoud 
be noted that only quadrupole splitting was shown on the previously reported 
spectrum at liquid nitrogen temperature. These result confirms that r-Fe0OH 
is antiferromagnetic below 50°K. 
    x of a single crystal of mineral goethite was reported by Oosterhout, properties 
of which may be representative of those of a Heisenberg antiferromagnet with S=5/2. 
On the other hand temperature dependence of x observed in the present experiment 
was different from that of normal antiferromagnet of a powder specimen, that is, x 
showed no peak at the Neel temperature and was temperature independent below the 
Neel temperature. These curious magnetic behaviors, which are observed also in 
the case of /3-FeOOH, seem to be caused by some kind of the size effect although 
precise discussion is impossible. Theoretical explanation of the temperature inde-
pendent x of r-FeOOH above the Neel temperature is also obscure. 
    2. Spin Structures 
    The spin structures of these iron oxyhydrates were determined by the Mossbauer 
effect with utilizing the strong anisotropic particle shapes of the samples. The 
angular dependences of the Mossbauer transition probabilities are expressed as 
9/4 (1 +cos'- 0) for peak 1 and 6, 3 sin= B for 2 and 5, 3/4 (1—cos2 0) for peak 3 and 4, 
where B represents the angle between the incident gamma ray and the magnetic 
hyperfine field direction and the peak number is given in the order from the lower 
to the higher energy peak. In the case where magnetic hyperfine field direction 
is random against incident gamma ray, relative peak intensities of six peaks will 
become 3:2:1 :1 :2:3. When the direction of the magnetic hyperfine field is parallel 
or perpendicular to the incident gamma ray, the relative intensities will be 3 :0:1 :1:0:3 
or 3:4:1:1:4:3. Therefore, if the correlation between the crystal axis and the 
incident gamma ray is given, the relative peak intensities of the Mossbauer spectrum 
make it possible to determine the spin axis of the sample. 
   As shown in Fig. 1, 2 and 3 the particle shapes of the iron oxyhydrates are 
acicular. Because of these crystal shapes the samples are easily inclined to take such 
an oriented state as the longest axes are in a plane. Previous electronmicroscopic 
studies clarified the Iongest axis of a particle is in coincidence with the crystal c-
axis in each iron oxyhydrate.13,'4,'5) 
    In practice oriented samples were made as follows. The oxyhydrates were 
suspended in water and the suspensions were filtered slowly through the Membran 
filteres. After drying the samples, these were pressed with uniaxial pressure of 103 
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kg/cm2. Random oriented samples were made by mixing powder well with silicone 
grease. The relative peak intensities of the x-ray powder pattern showed that the 
c-axis of a sample was in good oriented state, perpendicular to the pressed direction. 
The preferred oriented sample was set so as for the pressed plane of the sample to 
be perpendicular to the incident gamma ray. 
    In Fig. 5 is given the spectra of a-FeOOH at room temperature. The spectrum 
of the random oriented sample has the ratio of the peak intensities of 3:2:1 :1 :2:3, 
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                        Fig. 7. MOssbauer spectra of r-FeOOH at 
                                liquid helium temperature, preferred
                                oriented sample (above) and random
                              oriented sample (below).
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the expected value of the completely random sample, whereas the ratio of the peak 
intensities observed on the preferred oriented sample is close to the value of  3:4:1:1  :4:3. 
In such a sample that all the c-axes of particles are in same plane but other a- and 
b-axes are completely random, the observed ratio of the peak intensities is obtained 
only when the spin axis is perpendicular to the incident gamma ray. It is obvious 
from the simple calculation another spin arrangement will give same spectrum which 
is observed in the random oriented case. Therefore the antiferromagnetic spin axis 
of a-FeOOH is parallel to the c-axis. The result is in good agreement with that of 
Oosterhout who determined the spin axis to be parallel to the c-axis from the temper-
ature dependence of the magnetic susceptibilities perpendiclar and parallel to the 
c-axis, using the mineral single crystal specimen. 
    The relation of Mossbauer spectra with the particle orientation can be discussed 
quite analogously with the previous case of a-FeOOH. From the observed Mossauer 
spectrum it is concluded that the spin axes of /3- and r-FeOOH are parallel to the 
c-axes in both compounds. Mossbauer spectra of 13- and r-FeOOH are shown in 
Fig. 6 and 7, at liquid nitrogen and liquid helium temperature, respectively. 
                           IV. CONCLUSION 
    It is apparent from the above experimental results that three kinds of iron 
oxyhydrates a-, 13- and r-FeOOH are antiferromagnets, and spin axis of each com-
pound is parallel to the crystal c-axis. Other results are summarized in Table 2. 
The magnetic susceptibilities of these samples show somewhat peculiar behavior, but 
satisfactory explanation of which is not given at the present time. 
        Table 2. Observed values of the magnetic hypertinesplitting, quadrupole splitting. 
                 Isowershift and Neel temperature of a-, /3-, 1-FeOOH. 
                                                            Neel            magnetic hypertinequadrupole splittingisomerspin
   samplessplitting at liq He temp. (paramagnetic state) shifttemaxis                                          perature  
a-FeOOH530 KOe0.60 mm/sec0.5 mm/sec 400°K [001] 
/3-FcOOH490 KOe0.60 mm/sec0.56 mm/sec 273°K [001] 
r-FeOOH470 KOe0.51 mm/sec0.5 mm/sec 50°K [001] 
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